Bioincising is a biotechnological process for improving the permeability of refractory wood such 13 as Norway spruce heartwood using the wood-decay fungus P. vitreus. The degradation of the 14 bordered pit membranes by P. vitreus in its first stage of wood colonization enhances the uptake 15 of preservatives and wood modification substances, whereas the strength of the material is not 16 significantly reduced. We propose to study bioincising by means of a mathematical model, 17 because many factors affect the growth and effects of P. vitreus in Norway spruce in such a 18 complex way that an evaluation of the optimal incubation conditions (i.e. water activity, 19 temperature or pH) is very expensive or even not possible solely using laboratory experiments. 20
velocity, penetration work and penetration capacity, which may figure as measures for the 24 efficiency of wood colonization. For example, our simulation shows that an increase of the 25 hyphal growth rate (i.e. changing the incubation conditions) from 1 to 2 µm·d -1 results in an 26 increase of the mycelium's growth velocity from 0.8 to 1.75 µm·d -1 and an increase of the 27 penetration capacity from 0.5 to 0.6 mm 2 ·d -1 using a pit degradation rate of 2 µm·d -1 . Such 28 information is of significance for both its biotechnological use and the study of the colonization 29
Introduction 35
The primary goal of a modeling framework for the optimization of bioincising is to analyze the 36 influence of biotic and abiotic factors on the wood's permeability, which is in combination with 37 the wood's strength, the quality criterion of bioincised wood (i.e. a higher permeability results in 38 a higher treatability of the wood). Thereby, the chemical composition (including environmental 39 factors such as the water activity, temperature and type of medium) and the physical structure 40 (i.e. the distribution of tracheids and pits) of the resource determine the penetration behavior of a 41 wood-decay fungus as shown in Fig. 1 . Using a discrete modeling approach called the fungal 42 growth model (FGM), in previous studies the metabolism of P. vitreus (Fuhr et al. 2011b) and 43 the effect of the wood tissue on its growth (Fuhr et al. 2011a ) have been analyzed, whereas the 44 penetration behavior was not studied in detail until now (Fig. 1) . Thus, the focus of this work is 45   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 to study the rule of the bordered pits to obtain a complete modeling framework covering all 46 relevant effects for the optimization of the permeability of bioincised wood sample. 47
The degradation of the bordered pit membranes in its first stage of Norway spruce (Picea 48 abies (L.) H. Karst.) wood colonization might be the main reason for the significant increase of 49 the permeability of treated wood (Schwarze et al. 2006 ). This biotechnological process, which is 50 termed bioincising, can be used to improve the uptake of wood preservatives and wood 51 modification substances ( mentioned are unable to illustrate the influence of microscopic effects such as the pit degradation 58 rate on the macroscopic behavior of the fungus, because wood is an opaque material and the in 59 vivo observation of processes inside a wood sample has not been possible until now. Therefore, 60
we propose the use of mathematical models to study and optimize the penetration behavior of P. 61 vitreus, since its growth behavior was successfully simulated by FGM, even in complex physical 62 and chemical structured environments (Fuhr et al. 2011a) . 63
The pits are valve-like structures between the voids within the wood (i.e. pores or 64 lumens) and regulate the transport of nutrients in the tree. For example, in the living wood (i.e. 65 sapwood) of Norway spruce the bordered pits are permeable for liquids. Whereas, in the dead 66 part of the tree (i.e. heartwood) they are closed and lignified (Liese and Bauch 1967) . It is this 67   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 closing, called aspiration, of the bordered pits that makes efficient treatment of this wood species 68 impossible without energy-and cost-intensive technical processing. 69
The degradation of the bordered pit membranes in their first stage of growth appears to 70 be a common strategy of wood-decay fungi to colonize softwoods ( The material is presented in three parts. In the first step, we discuss the growth pattern of 78
P. vitreus using the FGM and laboratory experiments (Figs. 2 and 5). In the second step, we use 79
an analytical model to analyze the penetration velocity of P. vitreus to quantify the key factors 80 determining the growth and expansion of the mycelium in wood modeled by the FGM (Fig. 6) . 81
Moreover, such an analytical model enables us to discuss various modes of pit penetration by P. 82 vitreus, i.e. pit penetration by pressure or enzymes (Tab. 2). However, the analytical model does 83 not provide information about the effects of P. vitreus on wood tissue, e.g. the distribution of 84 degraded pits. Therefore, we use the FGM to discuss the penetration work and the penetration 85 capacity of P. vitreus (Figs. 7 and 8 ). We propose these universal measures for wood-decay 86 fungi, because common network measures such as the hyphal growth unit (Plomley 1958 
Specimen material 91
The white-rot basidiomycete Physisporinus vitreus EMPA 642 was cultivated in 9 cm Petri 92 dishes on 2% malt extract agar (MEA) at 23°C and 70% relative humidity (RH). After 2 weeks 93 we placed defect-free and sterilized (121°C, 20 min and 2 bar vapor pressure) Norway spruce 94 (Picea abies (L.) H. Karst.) samples with a size of approximately 10 mm (longitudinal) × 2 mm 95 (radial) and 10 mm (tangential) on the mycelium. The faces of the samples, with the exception of 96 one radial tangential face, were sealed with a topcoat (Nuvovern ACR Emaillack, Walter Mäder 97 AG, Killwangen, Switzerland) by brushing, so that the P. vitreus colonized the wood via the 98 unsealed side in a longitudinal direction (Fig. 2a) . 99
100

Light microscopy 101
After 10 days of incubation at 23°C and 70% RH we cut thin sections of approximately 30 µm 102 thickness from the wood samples using a microtome as shown in Fig. 2b . We stained the fungus 103 with lactophenol blue, took mosaic images with a pixel size of approximately 0.65 µm × 0.65 104 µm using a Zeiss LSM 510-NLO (Fig. 2c ) and analyzed the images by digital image processing 105 (Fig. 2d) . 106 107
Hyphal growth model 108
To analyze the penetration of the wood-decay fungus P. vitreus we use a two-dimensional 109 discrete modeling approach in which both the mycelium and the nutrients are considered discrete 110 structures. The present FGM is a two-dimensional version of the simulation scheme developed 111 by Fuhr et al. (Fuhr et al. 2011a Norway spruce tracheids as elongated rectangles with tapered ends. The shape of the tracheids is 114 determined by their length l L , width l T and the length of the overlapping zone l O (Fig. 3a) where 115 most of the bordered pits are located (Sirviö and Kärenlampi 1998). These pits play an important 116 role in the growth of many wood-decay fungi ( its first stage of wood colonization, is simulated by a pit-to-pit growth of the hyphae. The 125 evolution of the mycelium is driven by key processes such as the uptake and transport of 126 nutrients, branching and polarization of the hyphae. At each iteration step of the algorithm the 127 mycelium may grow by one edge. Thereby the cell walls limit the available set of nutrient points, 128 in contrast to the unrestricted growth of the mycelium in Petri-dishes (Fuhr et al. 2011b ). In the 129 present model, an active hypha can only reach all pits within the same tracheid, but according to 130 ( 1) where F j , the amount of nutrients at point (j) and κ ∈ [0,ν], denotes a specific pit opening 133 threshold. Details about the model construction are given in Fuhr (Fuhr et al. 2011a) . 134   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 The simulation begins by placing n k 0 starting nodes, called pellets, with an initial nutrient 135 concentration n n 0 on the longitudinal face of the wood specimen (Fig 3a) . All pits are initially 136 closed (i.e. F j > κ). Typical model parameters used throughout this work are given in Tab. 1. The 137 unit of the resource that sustains fungal growth, called pit nutrient, is given in micrometers (µm), 138 because we prefer to express the fungal activity (Eq. 1) with a measure, which is observable in 139 laboratory experiments, e.g. holes in the torus of the bordered pits (directly) or a permeability 140
(indirectly). 141 142
Analytical growth model 143
The shortest time T s of a hypha to growth in a longitudinal direction from a tracheid into an 144 adjacent one, indicated in Fig. 3a by the dotted line, may be given by 145 ,
where µ ij is the growth velocity of a hyphae (i.e hyphal growth rate) within a tracheid, l S is the 146 length of the shortest path and τ is the pit penetration time, i.e. the time required for a hypha to 147 grow through a bordered pit. Generally, there are two modes of pit penetration by a hypha. In the 148 first case the torus is eroded by enzymes, e.g. P. vitreus (Schwarze et al. 2006) . Whereas, in the 149 second case a hypha breaks through the torus by mechanical pressure, e.g. blue stain fungi (Liese 150 and Schmid 1961), which is typically indicated by cracks in the lignified torus. 151
For the first case we may write for the pit penetration time 152 ,
where D is the diameter of a bordered pit and is an opening threshold. Thus, is 153 the diameter of a hole, which is prerequisite for a vegetative hypha to penetrate through the torus. 154   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 α c is the pit degradation rate, given in µm·d -1 , to dissolve the torus. The upper case number 155 indicates the mode of pit penetration. 156
For the second case, the pit penetration by pressure, we assume that the fungus bores a 157 hole in the torus with a constant rate α p , i.e. the diameter of a hole in the torus after t days is 158 given by 159 .
Bardage and Daniel (Bardage and Daniel 1998) (Bardage and Daniel1998) found that the ability 160 of fungi to penetrate micropores depends on time, i.e. smaller pores require longer penetration 161 times. They reported penetration times between 1 and 10 days for micropores of size 0.6 -0.2 162 µm. Whereby, no fungus was able to penetrate micropores smaller than 0.2 µm within 15 days. 163
Based on these experiments, we assume that the relation between the diameter of a hole d and the 164 penetration time t is roughly given by the power law 165 ,
using t max = 10 d and d max = 0.6 µm as shown in Fig. 4 . Therefore, the diameter of a hole after τ (2) 166 days (Eq. 4) is equal to a hole that is prerequisite for penetration after τ (2) days (Eq. 5 solved for 167
Solving Eq. (6) for the penetration time τ (2) leads to 169 .
170
Penetration velocity, work and capacity 171   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 For biotechnological applications of wood-decay fungi, it is important to understand their 172 capability to penetrate into a specific direction of a wood tissue in a certain amount of time. 173 Therefore, we define the penetration velocity of a fungus (or hypha) as 174
. (8) Furthermore, we define the penetration work of a fungus as 175 ,
where the subscript letter denotes a quantity of interest, e.g. the total hyphal length of the 176 mycelium, the total number of open pits or the mass loss of the wood. In addition, we propose 177 the penetration capacity of a fungus as 178 .
Obviously, the penetration capacity of a fungus strongly depends on factors such as temperature, 179 water activity and pH, the microclimate, the presence of wood preservatives and other factors, 180 since wood decay-fungi are sensitive to their environment. The scalar П Q may figure as a 181 measure for the efficiency of a specific fungus to colonize a certain wood tissue. 182
For simplicity, throughout this work, we use the terms 'penetration work' and 183 'penetration capacity' for the specific penetration work and penetration capacity using the total 184 amount of degraded pit nutrients as the quantity of interest. 185 186   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Results 187
Growth pattern 188
After 10 days of incubation, we observe that the fungus starting from the unsealed longitudinal 189
face penetrates approximately 10 mm into the wood sample (Fig. 2d) . This corresponds to a 190 penetration velocity of approximately 1 mm·d -1 . The morphology of the growth front is 191 characterized by hyphae growing at different rates (i.e. leading hyphae). The density of the 192 mycelium at the unsealed end is much higher than on the growth front. We measure that a hypha 193 crosses 3-4 tapered ends from the unsealed to the opposite face. 194 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 (longitudinal) × 10 (tangential) tracheids and fixed boundaries are imposed to all faces. The 210 fungus begins growing from the lower longitudinal face and the velocity is evaluated by 211 measuring the time of the mycelium between points 1 and 3. 212
We observe that the higher hyphal growth rates µ and higher pit degradation rates α c 213 result in higher growth velocities v f of the mycelium. According to Eq. 2 and 8 the velocity of the 214 mycelium is given by 215 .
We assume that the hyphal growth rate of the leading hypha (Fig. 3 ) before (µ 12 ) and after (µ 23 ) 216 the overlapping area is faster than the rest of the mycelium by a factor µ* and q·µ* respectively. 217
In addition, the penetration time depends on the number of nodes per pits N t , i.e. the more nodes 218 per pit the higher the pit degradation. For the pit penetration time τ, we may write the hyphal 219 growth rate µ 12 and µ 23 and the factor µ* 220 , 12a
, 12b 12c 12d
The solid lines in Fig. 6 show Eq. 11 using Eq. 12a -12d and N t = 2.65, q=3 and p=0.5. The 221 velocity of 1 mm·d -1 measured from the experiment of 4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Penetration work and penetration capacity 228 Fig. 7 and Fig. 8 show the penetration work W N (Eq. 9) and the penetration capacity П N (Eq. 10) 229 of P. vitreus measuring as quantity Q the amount of degraded nutrients. We use the same 230 simulation setup as in Fig. 6 . We observe that the penetration work decreases with increasing 231 hyphal growth rates, whereas the penetration capacity increases with increasing hyphal growth 232
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The growth of Physisporinus vitreus 237
The penetration behavior of P. vitreus into Norway spruce heartwood is supposed to be 238 characterized by a stepwise capture of wood tissue (Fuhr et al. 2011a ), because the aspirated and 239 lignified bordered pits hinder the expansion of the mycelium (Fig. 2) . Only the degrading of 240 either the bordered pits or the cell wall enables the fungus to grow from one tracheid to another. 241
Thereby the ratio between the velocity of the hypha within the tracheids (i.e. hyphal growth rate) 242 and the pit degradation rate is of interest, because this ratio influences the density of the 243 mycelium, the number of tips in the system and the penetration velocity of the growth front as 244
shown by our simulations (Figs. 5 and 6) . 245
246
Penetration velocity 247
The FGM assumes that the hyphal growth rate (µ) and the pit degradation rate (α c ) are the key 248 factors for the colonization of Norway spruce wood in its first stage of growth. Using the 249 analytical model (Eq. 11), we are able to quantify the influence of both factors on the penetration 250 velocity of P. vitreus. The results suggest that a doubling of the hyphal growth rate enables P. 251 vitreus to reduce the pit degradation rate by a factor 4 (Fig. 6) , to reach a penetration velocity of 252 1 mm·d -1 (Fig. 2d) . The hyphal growth rate is mainly influenced by the water activity, 253 temperature and pH (SchMou2010), whereas the effect of environmental factors on the ability of 254 P. vitreus to penetrate the bordered pits is unknown. Thus, changing the incubation conditions 255 offers an optimization of the bioincising process (see next section 'Optimization of bioincising'). 256
The measured hyphal growth rates between approximately 0.5 and 1.5 mm d -1 (Fig. 6) are 257 in good agreement with in vivo experiment of P. vitreus at standard conditions (C. Stührk, oral 258   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 
Optimization of bioincising 264
We use a discrete modeling approach to study the biotechnological process of bioincising, 265 because such a model provides information about the effects of P. vitreus, e.g. the amount of 266 degraded pits, and therefore enables an optimization of the bioincising process. For example, our 267 simulation shows that an increase of the hyphal growth rate from 1 to 2 µm·d -1 results in an 268 increase of the growth velocity of the mycelium from 0.8 to 1.75 µm·d -1 and an increase of the 269 penetration capacity from 0.5 to 0.6 mm 2 ·d -1 using a pit degradation rate of 2 µm·d -1 (Figs. 6 and 270 8). A penetration capacity of 0.5 to 0.6 mm 2 ·d -1 indicates that, for the tracheid framework given 271 in Fig. 3a , the growth front of the mycelium penetrating 1 mm·d -1 into the wood degrades 272 approximately 0.5 to 0.6 micrometer pit membranes in total, which is a measure for the 273 permeability of the wood (Fuhr et al. 2011a ). Moreover, the penetration capacity may figure as a 274 measure for the efficiency of wood-decay fungi to colonize wood, since a high pit degradation 275 rate may facilitate the capture of their resource. Thus, it would be interesting to measure and 276 compare various penetration capacities from several wood-decay fungi, e.g. choosing as quantity 277 of interest the biomass, amount of degraded pits or permeability. 278
The last step would be an optimization of bioincising on a larger scale using the modeling 279 framework as described above. On a macroscopic scale, the influence of the distribution of 280 pellets, which are the inocula on the surface of wood blocks, is of interest because the 281   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 penetration velocity of P. vitreus in radial (i.e. rays) and longitudinal (i.e. tracheids) direction is 282 much higher than in tangential direction. Thus, combining environmental factors with the 283 amount and distribution of the inocula on the wood surface will help assist designing incubation 284 conditions that are required to induce a certain degree of wood permeability by P. vitreus. 285
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